Solvothermal reactions of "V"-shaped 3,5-di(4 0 -carboxyl-phenyl)benzene acid (H 2 dpb), and Cd(II)/Zn(II) salts in the presence of four ancillary bridging imidazole linkers afford four novel luminescent coordination 
Introduction
During the past decades, the construction of luminescent coordination polymers (LCPs) has attracted considerable attention not only for their potential applications in luminescence, 1 catalysis, 2 magnetism, 3 gas storage, 4 separation, 5 proton conduction, 6 nonlinear optics 7 and so on, but also for their aesthetically pleasing structures and diversities in topology. 8 In particular, based on their great physical and chemical characteristics, their capability of detecting heavy metal ions plays a signicant role in public health, 9 environmental protection 10 and medicinal science. 11 For example, Wang's group has reported that Cd-based LCPs were assembled using aromatic hexa-carboxylate which shows high sensitivity to Fe 3+ ions in waste-water. 12 The Eu-MOF reported by Zhu's group can detect Cu 2+ ions. 13 Liu synthesized a NH 2 -Zn-MOF that can detect Cr(III) and Cr(IV) which could cause water pollution.
14 Meanwhile, the photocatalytic capability of the Zn/Cd-based CPs which are constructed using V-shaped ligands, has received wide attention from the viewpoint of chemists.
15 However, the LCPs sensors for detecting metal ions which assemble using Vshaped ligands are still quite few.
As we known, the aromatic multicarboxylate ligands play an important role in tuning the coordination framework structures due to their abundant coordination modes. Furthermore, due to their bent backbones and versatile bridging fashions, Vshaped aromatic multicarboxylate ligands are excellent candidates for building highly connected, interpenetrating, or helical coordination frameworks. 16, 17 Compared with some other reported V-shaped ligands (4-bpah, 15a 4-bpab 15b and 2,4 0 -bpdc 17b ), the V-shaped H 2 dpb we selected could show more advantages: (1) the H 2 dpb ligand with high solubility is easy to synthesize; (2) the suitable size makes it a reasonable candidate to generate LCPs with open frameworks; (3) the reports on LCPs assembled by V-shaped aromatic multicarboxylate ligands are rare; (4) the free rotation of two carboxylic benzene ring can promote the exibility of the H 2 dpb ligand to meet the requirements of coordination geometries of metal ions; (5) the carboxylic group could show more coordination modes while coordinating to metal ions. Meanwhile, to further investigate the inuence of auxiliary N-donor ligands on the formation of nal architectures, a series of semi-rigid/rigid imidazole ligands with different conformations were into the system (Scheme 1).
Herein, four mixed-ligand LCPs have been successfully synthesized under solvothermal conditions, namely, {[Cd(dpb) 2 (bimb) 2 ]$0.5H 2 O} n (1), [Cd(dpb)(tib)] n (2), [Zn(Hdpb) 2 (4,4 0 -bibp)] n (3) and [Cd(dpb)(1,3-bitl)] n (4), which
show a systematic variation of architectures from 1D chain based on supramolecular to 3D interpenetrated framework (Scheme 2). The packing structures of these four complexes show that the nature of the bridging N-donor linkers has a signicant effect on the H 2 dpb coordination modes. Moreover, the luminescent recognition properties of metal cations/ anions and photocatalytic activities of the four Cd(II)/Zn(II) compounds were also investigated.
Experimental section

Materials and physical measurements
All reagents and solvents were purchased from Jinan Henghua Sci. & Tec. Co. Ltd. and were used without further purication. 
X-ray crystallography
X-ray crystallography data of complexes 1-4 were collected on a Bruker Apex Smart CCD diffractometer at 293(2) K with graphite-monochromatized Mo-Ka radiation (l ¼ 0.71073Å) by using the u-2q scan mode. The structure was solved by direct methods using SHELXS-97. 20 The non-hydrogen atoms were dened by the Fourier synthesis method. Positional and thermal parameters were rened by the full matrix least-squares method (on F 2 ) to convergence. 21 Crystallographic data for complexes 1-4 are given in Table 1 . Selected bond lengths and angles for 1-4 are listed in Table S1 . † CCDC numbers for complexes of 1-4 are 1430347 for 1, 1402587 for 2, 1061113 for 3 and 1479858 for 4.
Results and discussion
Synthesis and characterization
The crystals of complexes 1-4 is dependent on the experimental method and the nitrate salts of Cd(NO 3 ) 2 $4H 2 O and Zn(NO 3 ) 2 -$6H 2 O. Then suitable crystal were characterized by singlecrystal X-ray diffraction aer cooling to room temperature. Those complexes 1-4 are stable in the solid state even aer extended exposure to air. Meanwhile, all of the complexes 1-4 have poor solubility in water and common organic solvent, but can be slightly soluble in very high polarity solvents.
The IR spectra of complexes 1-4 display characteristic absorption bands of the coordinated carboxylate groups appear at 1590-1653 cm À1 for asymmetric stretching and 1320-1401 cm À1 for the symmetric. 22 Meanwhile, a adsorption bands are observed in ca. 1721 cm À1 ,
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suggesting the partially deprotonation of carboxylic groups in 3, which is consistent with the results of the X-ray diffraction analysis.
Single-crystal X-ray diffraction analysis reveals that 1 crystallizes in the orthorhombic system with space group I2(1)2(1)2(1). As can be seen from Fig. 1a (Fig. 1b) . The two adjacent 2D networks are further interact with each other through helix chain ([Cd-bimb] n ) twining round the "V"-shaped H 2 dpb ligands, nally resulting in a rarely 2D + 2D / 3D two-fold interpenetration parallel framework (Fig. 1c) .
The effective free volume of 1 was 10.5% of the crystal volume 
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From the viewpoint of structural topology, the Cd(II) ions are coordinated by two dpb 2À ligands and two bimb ligands, which can be viewed as a 4-connected node and the dpb 2À ligand as a "V"-shaped spacer, then an unprecedented 3-nodal (2,2,4)-connected 3D interpenetrated framework is created with (12 5 $16)(12) 2 topology ( Fig. 1d ).
Structure description of [Cd(dpb)(tib)] n (2)
The crystal structure determined by single-crystal X-ray diffraction showed that complex 2 crystallizes in the monoclinic system, space group P2 1 /c. The asymmetric unit of 2 contains one Cd(II) cation, one dpb 2À ligand and one tib ligand.
As shown in (Fig. 2b) . The nal 3D supramolecular framework of complex 2 is through the C-H/C between the carbon atoms from phenyl ring and imidazolyl Fig. 2c and S1 †). Meanwhile, p/p stacking interactions make a more stable 3D supramolecular structure. Besides, the void volume of 2 is 44.3% of the crystal volume (2489.9 out of the 5621.9Å 3 unit cell volume), calculated by PLATON. From the viewpoint of topology, the "V"-liked dpb 2À anions can be dened as 2-connected nodes, while the tib ligands can be considered as 3-connected nodes. Thus the 3D (12) 2 sheets in 1.
Scheme 3 Diverse coordination modes of H 2 dpb in complexes 1-4.
supramolecular structure can be simplied as an unprecedented 3-nodal (2,3,5)-connected framework with the point Schläi symbol (4 2 $6$8 6 $12)(4 2 $6)(8) (Fig. 2d) . (Fig. 4b) . The adjacent 2D 
, constructing a stable 3D network ( Fig. 4c and S3 †) . The effective free volume of 4 was 22.9% of the crystal volume (823.0 out of the 3600.8Å 3 unit cell volumes), calculated by PLATON analysis. From the topologically, the {Cd 2 (COO) 2 } SBUs can be regarded as eight-connected nodes and "V"-shaped dpb 2À ligands as two-connected nodes; thus, this layer displays a 3-nodal (2,2,8)-connected network (Fig. 4d) .
Structural comparison and discussion
The structures of LCPs have been found to be greatly inuenced by N-donor ligands based on previous literature. As shown in Scheme 3 and Table S3 , † H 2 dpb exhibits versatile coordination modes, resulting in different new structures (1D-3D). In complexes 1 and 2, the "V"-shaped dpb 2À ligands chelate the metal atoms (chelate both in 1 and 2) through their two carboxylate groups, to further stabilize the 1D chain. 3; their asymmetric units contain two H 2 dpb ligands in 1 and 3, and one H 2 dpb ligand in 2 and 4. Meanwhile, the "V"-shaped ligand play important roles in the construction of bigger open spacer framework in 1, 2 and 4. For N-donor ligands, the differences in their lengths and congurations greatly inuence the nal structure of the targeted CPs. Except 1 is a semi-exible-auxiliary ligand, the Ndonor ligands can be seen as rigid-auxiliary ligand in complexes 2-4. Thus the complex 1 show a 2D + 2D / 3D twofold interpenetrated framework, and 3D supramolecular framework in 2-4, respectively. Due to the different congura-tions of the N-donor ligands, complex 2 shows a higher effective free volume (44.3%) than complexes 1 (10.5%) and 4 (22.9%). Hence, complex 2 may be a good candidate for application in gas/dye absorption.
Thermal analyses
To understand the thermal stabilities of compounds 1-4, their thermal behaviors were investigated by TGA (Fig. S4 †) . The experiments were performed on samples consisting of numerous single crystals of 1-4 under a N 2 atmosphere with 
Optical band gaps
Because of the energy band gap (E g ) of CPs is closely related to its photocatalytic ability. Thus investigate the conductivity potentials of titled compounds are necessarily. And the band gap energy of CPs can be evaluated by Kubelka-Munk transformation (F):
, where transformed from the recorded diffuse reectance data and R is the reectance of an innitely thick layer at a given wavelength. 28 As shown in Fig. 5 , the E g values assessed from the steep absorption edge for complexes 1-4 are 2.70, 2.74, 2.28 and 2.59 eV, respectively, which indicate that complexes 1-4 are potential semiconductive materials. 29, 30 Luminescence properties
The luminescence properties of complexes 1-4 together with the free H 2 dpb, bimb, tib, 4,4 0 -bibp and 1,3-bitl ligands, were investigated in the solid state at ambient temperature (Table  S4 † Aer metallization of these ligands with Cd(II)/Zn(II) atom, the main emission peaks occur at 375 nm (l ex ¼ 275 nm) for 1, 369 nm (l ex ¼ 270 nm) for 2, 376 nm (l ex ¼ 265 nm) for 3, and 383 nm (l ex ¼ 255 nm) for 4. In comparison to the free ligands, the emission peaks of 1-4 are close to imidazol ligands, so the emission bands of these complexes can probably be attributed to the N-donor ligand uorescence emission. Compared to the free N-donor ligand, their peaks are blue-shied by 5 nm, 2 nm, 2 nm and 2 nm, respectively. These emissions are neither metalto-ligand charge transfer (MLCT) nor ligand-to-metal charge transfer (LMCT) in nature, since Cd(II) and Zn(II) ions are difficult to oxidize or reduce due to their d 10 conguration. 31 The photoluminescent of 1-4 may originate from the intraligand p*-p or p*-n transition since similar emissions were also observed for the ligands themselves. The emission discrepancy of these compounds is probably due to the differences of organic ligands and coordination environments of central metal ions, which have a close relationship to the photoluminescence behavior.
32 As shown in Fig. 6a , with the maximum emission peaks of 1-4 are mainly centered at 375, 369, 376 and 383 nm, respectively, and bright blue, blue, blue and blue uorescence are found by visual observation at the optimum excitation. Their chromaticity coordinates (1-4) are (0.1585, 0.0221), (0.1441, 0.0486), (0.1428, 0.0518) and (0.1492, 0.0386) (Fig. 6b) .
As we know that the luminescence characteristic of PLCCs is closely related to their structures. 33 The size of the metal, the structure of the secondary building units (SBUs) and the orientation of the linkers all affect the emission properties of the material. 34 Compounds 1-4 contain the same linker (H 2 dpb) in different coordination modes and geometries, allowing comparative study of their photoluminescence diversity. Here we observed that compounds 2 (blue), 3 (blue) and 4 (blue) display similar emission character, which is different from that of 1 (bright blue). The different visual uorescence maybe attributed to the various structures of four complexes (1 (3D), 2 (2D), 3 (1D) and 4 (2D)).
Fe
3+ /Cu
2+ -sensing properties
Currently, the luminescent MOFs have great advantages in the ion detection and separation. 35 Among the metal cations, the Fe 3+ /Cu 2+ cations are the most necessary elements involved in biochemical processes in humans. 36 Based on the strong luminescence and good water stabilities of 1-4, the sensing properties of complexes on metal cations were investigated. In order to examine their sensing abilities, the luminescence spectra of 1-4 (3 mg) dispersed in water solutions (3 mL) of 0. 
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For further examining the sensitivity of luminescence quenching, the concentration-dependent studies were carried out in the presence of Fe 3+ (in 2 and 3)/Cu 2+ (in 4) with different concentrations. As shown in Fig. 8 , the emission intensities 2-4 decreased gradually with increasing of Fe 3+ (in 2 and 3)/Cu 2+ (in 4) from 0 to 5 Â 10 À3 M. 39 The Stern-Volmer equation (I 0 /I À 1 ¼ K sv C [M] ) can be used to calculated the corresponding quenching coefficient, in which the values I 0 and I are the luminescent intensities of 2-4 without and with addition of Fe 3+ /Cu 2+ , respectively, K sv is the quenching constant, and C [M] is the concentration of metal ions. 40 Based on the luminescent data, the K sv were 1.212 Â 10 4 for 2, 9.383 Â 10 3 for 3 and 4.894 Â 10 4 for 4, respectively. The K sv value can be used to evaluate the metal ions selective and sensitive sensing of complexes. The higher K sv of 2 demonstrates that the luminescent quenching effect for Fe 3+ ions of 2 are more sensitive than 3. Meanwhile, the luminescent quenching effect for Cu 2+ ions of 4 are more sensitive than 2 and 3.
The above luminescent studies indicate that 2 and 3 could selectively sense the exoteric Fe 3+ through the luminescent quenching, and 4 could be highly effective and selective luminescent sensors for Cu 2+ ions. The PXRD patterns of the Fe 3+ / Cu 2+ loaded 2-4 were nearly corresponded with the original samples (Fig. S5 †) . The results show that their basic frameworks are stable aer loaded metal ions.
Cr 2 O 7 2À -sensing properties
Encourage by the metal ions' high selective and sensitive of 1-4, their sensing of trace anions in aqueous were investigated anions do not exhibit the obvious luminescence quenching except Cr 2 O 7 2À , which exhibited an obviously quenching effect.
The absorption bands of the Cr 2 O 7 2À (two wide absorption bands from 230 to 413 nm) 41 almost cover the whole ranges of absorption bands that arise from complexes 1-4 (320-450 nm). Therefore, the luminescence quenching may be caused by the competition of excitation energy between the complexes and Cr 2 O 7 2À . 38 The PXRD results reveal that four titled compounds were stable aer sensing Cr 2 O 7 2À (Fig. S5 †) .
As shown in Fig. 10 , the luminescence intensities of 1-4 are gradually decreased with increasing Cr 2 O 7 2À concentrations, and the luminescence intensities are almost completely CPs. [41] [42] [43] The high sensitivity indicates that complexes 2-4 may be a good candidate for the sensing of Cr 2 O 7 2À anion in industry.
Photocatalysis properties
Photocatalysts have attracted much attention due to their potential applications in purifying water by thoroughly decomposing organic compounds. 44 It is well known that rhodamine B (RhB) and methylene blue (MB) are the most common organic dyes in waste water, and some MOFs show photocatalytic activity in the degradation of organic dyes under UV irradiation by oxidation of organic materials. 45 Here, we investigated the photocatalytic ability of the title complexes (1-4) towards the degradation of RhB and MB under UV irradiation. The photocatalytic experiments were performed by the following process: 46 20 mg of 1, 2, 3 and 4 was dispersed in 100 mL aqueous solution of RhB (6 mg L À1 ) or MB (6 mg L À1 ),
respectively. For the adsorption-desorption equilibrium, the mixture was stirred in the dark for 30 min before turning on the Hg lamp (125 W). Aer centrifugation of the sample, the transparent solution was tested under UV measurement.
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The photocatalytic activities of 1-4 in RhB solution are shown in Fig. 11a and S6 . † From the Fig. 11a and S6, † we can found that the absorbance peaks of RhB decreased obviously with different photocatalytic efficiency aer the compounds were added. Moreover, the concentration ratios of RhB (c/c 0 ) against irradiation time (min) in the presence of the complexes 1-4 were plotted, with c 0 representing the initial concentration of RhB aer magnetically stirring in the dark for 30 min (Fig. 11b) . For complexes 1-4, the RhB solution has been taken out every 15 min, but the photocatalytic efficiency is different. The degradation ratios of RhB are 90.2% for 1, 82.7% for 2 and 95.1% for 4 aer 135 min of UV irradiation except complex 3 (97.1% and 98.7% aer 75 and 90 min), and the remarkable photocatalytic activity is 3 > 4 > 1 > 2. Meanwhile, all the RhB degradation ratios of control experiments did not surpass 30% and nearly cease aer 150 min (91.8% for 1, 85.3% for 2, 98.7% for 3 and 95.1% for 4) under UV irradiation.
As shown in Fig. 12 and S7, † the degradation ratios of MB are 93.2% for 1, 85.6% for 2 and 94.9% for 4 aer 120 min of UV irradiation except complex 3 (96.5% aer 75 min). The MB degradation ratios of control experiments did not surpass 30% and nearly cease aer 150 min under UV irradiation. From photocatalytic degradation results, we found that the complex 3 much better than the complex 1, 2 and 4 in RhB and MB. Moreover, the photocatalytic activity of the complex 1, 2, 3 and 4 is better in MB solution compared with RhB solution in 120 min (Fig. 13) . Fig. 11b and 12b show that the titled complexes have good photocatalytic activities for the photodegradation of RhB and MB under UV irradiation, and the degradation activity 3 > 4 > 1 > 2, which corresponding with the optical band gaps (E g values: 2.70 eV for 1, 2.74 eV for 2, 2.28 eV for 3 and 2.59 eV for 4). As we know, for complex structures, the numbers of the coordinated water molecules, the coordination environments of the central metals, the extent of the conjugation 48 and optical band gap could inuence the photocatalytic activities. Therefore, it can be surmised that the low optical band gap and coordination environments of Zn(II) (four-coordination) of 3 aided in the transport of excited holes/electrons to the surface to initiate the photocatalytic decomposition reaction. Moreover, all of the titled d 10 compounds (1-4) show a better photocatalytic activity compared with reported similar Cd(II)/Zn(II) CPs 28, 49 in the degradation of MB under the same condition (Table S5 †) . Thus, complex 3 may be candidates for photocatalytic activity in the degradation of some organic dyes.
When the complex is exposed under UV light, the 2p bonding orbital of the oxygen and/or nitrogen atom which in metal complex could transfer an electron from the highest occupied molecular to the lowest unoccupied molecular orbital (an empty metal orbital). Then the water molecule would captured one electron for the stable of highest occupied molecular orbital. Meanwhile, the water molecule was oxygenated into the cOH radical. The cOH active species could decompose RhB and MB effectively to complete the photocatalytic process.
50 Meanwhile, the PXRD results revealed that four Cd(II)/Zn(II) compounds were stable in degradation process, as shown in Fig. S8 . †
Conclusions
In summary, four LCPs were synthesized based on "V"-shaped 3,5-di(4 0 -carboxyl-phenyl)benzene acid (H 2 dpb) and four different imidazole bridging linkers (bimb, tib, 4,4 0 -bibp and 1,3-bitl) under hydrothermal conditions, with the nal packing structures exhibiting a systematic variation of architectures from 1D chains based supramolecular to 3D interpenetrated frameworks. These results reveal that nature of the bridging Ndonor linkers have signicant effects on the H 2 dpb coordination modes and the nal packing structures. Moreover, the luminescent sensing of metal cations and anions through uorescence quenching were investigated systematically and quantitatively. The results demonstrate that 2 and 3 display high sensitive and selective luminescent sensing towards Fe 3+ ion, and 4 display high sensitive and selective luminescent sensing towards Cu 2+ ion. Both 1-4 can work as high sensitive sensors to Cr 2 O 7 2À by luminescent quenching. And the photocatalytic studies indicate that complex 3 is good candidates for the photocatalytic degradation of rhodamine B (RhB) and methylene blue (MB).
